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Abstract: The hardness variation of mek crystallized polyethylene asa consequence of 
controlled fuming nitric exposure has been investigated using the microindentation tech- 
nique. This study complements previous results obtained using other eagents (H2SO4, 
C1HSO3). After HNO3 exposure the microhardness of polyethylene decreases very 
rapidly, instead of increasing after the first hours of treatment. The hardness decrease is
correlated to the volume fraction of interlamellar microvoids arising through selective 
acid digestion. For longer treatment times (t > 40 h) the fragility of the materialincreases 
and the sample collapses under the indenter. The hardening of the degraded material fter 
recrystallization from the melt is followed as a function of treatment time. The results are 
discussed in the light of the molecular mechanisms involved. Comparison of the experi- 
mental data with hardness calculations for ideal PE lamellar structures and chain extend- 
ed dicarboxylic crystals implies that the major contribution to hardening isdue to elec- 
tron dense groups attachment a the surface of a mixed lamellar smacture. 
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Introduction 
Microindentation techniques, long used for routine 
hardness testing have been finding, in recent years, 
increasing application i  the study of morphological 
changes within semicrystalline polymers [1, 2]. Speci- 
fically, we have shown that the surface hardening of 
polyethylene through selective acid exposure (chloro- 
sulfonic-, sulfuric acid) can be conveniently followed 
by the microindentation hardness technique [3,4]. 
The rate of hardness increase has been related to a pref- 
erential hardening of the crystalline lamellae due to 
crystal surface fixation of electron dense groups (sul- 
phonic, chlorosulphonic). These groups contribute to 
cohesion-energy enhancement of lamellae, impede 
slippage of crystals and reduce the creep of the material 
during the test. The final hardening induced has been 
shown to be a function of thickness of the amorphous 
layer and of the temperature of treatment. 
The purpose of the present communication is to 
supplement the above studies and report on the hard- 
ness investigation f polyethylene exposed to fuming 
nitric acid. The changes in microstructure and the 
detailed mechanism of fuming nitric attack to bulk 
K 153 
polyethylene has been extensively discussed in the past 
[5-11]. The major issues may be summarized as fol- 
lows: fuming nitric acid exposure, first, removes the 
disordered domains electively inducing aweight-loss 
of material (10-70 %) depending on crystallinity. 
Second, it leaves the less reactive crystalline compo- 
nent as a residue containing a high content of micro- 
voids as revealed by SAXS. Third, the end-product is a 
porous material consisting mainly of paraffinic hain 
crystals terminated by carboxyl groups. In this study 
we set out to examine: 1) the change of microhardness 
as a function of acid exposure in terms of the above 
structural scheme; 2) to follow the increase in hardness 
after ecrystallization of the polymer residues from the 
melt. The hardening of treated PE after ecrystalliza- 
tion was briefly discussed in an earlier publication [12]. 
Experimental details 
The work has been carried out in three polyethylene materials 
previously characterized [9-11]. Values of molecular weight, degree 
of branching, crystallinity and lamellar thickness (as derived from 
long period) are collected in Table 1. Fuming nitric acid exposure of 
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Table 1. Molecular weight M~, branching concentration e, crystallinity a, lamellar crystal thickness l, and microhardness MH for three 
commercial PE grades before and after 20 hours fuming nitric acid treatment 
sample Mw . 10 -3 e (~ ct lt=o(nrn ) MHt=o(MNm -2) MHt=2oh(MNm-2) 
Hoechst PA-130 A 12 1.81 0.71 11.8 75 45 
BASF a Wachs B 9.5 3.49 0.67 7.4 38 26 
Epolene C-12 C 11 6.90 0.21 3.9 5 - 
the samples was performed at 60 ~ within closed tubes for periods 
of 5-180 h [10]. The treated samples were washed in distilled water 
rinsed with acetone, and dried in vacuum. Further details are 
reported elsewhere [9]. The Vickers-hardness was measured using 
a 100 tma height indenter. A load of 0.25 N and a loading cycle of 0.1 
minute were employed to minimize creep effects. 
Microhardness (MH) of fuming nitric acid treat- 
ed polyethylene 
Microhardness of the untreated materials (see Table 
1) is an increasing function of lamellae thickness and 
crystallinity. Such a dependence has recently been dis- 
cussed in terms of the plastic deformation ofcrystals 
including a defective surface boundary (non-homoge- 
neous microphase) [13,14]. Most conspicuous i  the 
rapid decrease of MH as a function of fuming nitric 
acid exposure time (Table 2). This result contrasts with 
the hardening detected for PE treated with 1-I2 SO4 and 
CIHSO3 [3, 4]. While in the former case the reaction 
involves asubstantial removal of uncrystallized mate- 
rial leaving a multitude of microvoids in the later cases 
the electron dense group attachment a the lamellar 
surface causes aweight increase, reinforcing the me- 
chanical stability of the crystals [3]. Reliable MH 
values could not be obtained for exposure periods t > 
20 h due to the increasing brittleness of the degraded 
polymer. Figure 1 shows the MH decrease as a func- 
tion of volume-percent of microvoids, AV, for 
samples A and B. Measurement of MH for sample C
Table 2. Microhardness of samples A and B as a function of expo- 
sure time to fuming nitric acid 
t(h) MH (MNm -z) 
A B 
0 75 38 
5 55 26 
10 50 24 
15 - 20 
20 45 26 
was not feasible ven for short reatment periods. The 
value of AV was estimated from the weight loss of 
material (mainly amorphous) [10] and the measured 
densities of the treated samples [15]. From the emerg- 
ing small angle X-ray continuous cattering in the 
degraded samples microvoids in the range of 4-20 nm 
can be inferred [15]. A first rapid decrease of- 30 % in 
MH for A V - 5 % and a final eveling off of MH for A V 
>10 % is obtained for samples A and B in Figure 1. The 
acid exposure times are given in the figure. The final 
MH values are markedly lower than expected for the 
corresponding crystal hardness Hc = MH/a (arrows 
in Fig. 1). The large difference between the microhard- 
ness of the treated material and Hc can be attributed to
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Fig. 1. Microhardness of polyethylene samples A and B as a function 
of microvoid percent AV. Exposure times to fuming nitric acid, in 
hours, are given. The crystal hardness values He = MH/a for the 
untreated samples are indicated by arrows 
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Fig. 2. Microhardness increase of fuming nitric acid treated PE 
samples after ecrystallization from the melt as a function of treat- 
ment time. Open symbols: untreated samples. The initial micro- 
hardness decrease is only represented, for comparison, (dashed 
curve) for the treated sample A 
the lack of an efficient packing of the hard lamellar 
crystals, now separated by a multitude of interlamellar 
microvoids. Up to 20 h of acid exposure the samples A
and B in Figure 1 still contain half the volume of 
uncrystallized regions contributing to irreversible 
modes, such as plastic flow, under the indenter. 
However, for longer treatment times the contribution 
of the vanishing amorphous layer, acting as a true 
interlamellar b idging component, becomes negligible 
and the macroscopic fragility of the material rapidly 
increases. Here indentation i duced microcracking of
the material leads to disruptive ffects of the overall 
deformation pattern. For long acid exposure-times the 
powdery sample collapses under the indenter and an 
estimation of MH is not anymore feasible. 
Hardening behaviour after recrystallization 
To improve the overall surface mechanical proper- 
ties of the degraded material the samples were recrys- 
tallized from the melt between glass plates. Figure 2 
illustrates the initial hardness decrease after acid treat- 
ment (dashed curve) followed by the hardening 
obtained after recrystallization (arrow) for sample A. 
In this way the porous tructure of the treated polymer 
is transformed into a hard material exhibiting a surface 
with a high reflectance amenable to yield distinct irre- 
versible deformation patterns. Figure 2 also shows the 
overall MH increase obtained for the three materials 
after ecrystallization, as a function of prolonged expo- 
sure time. Two distinct hardening regions can be dis- 
tinguished: A region yielding arapid MH increase dur- 
ing the first 50 h of treatment. The hardening rate here 
is of about 1MNm-2h -1, similar to that observed when 
exposing PE to C1HSO3 [3]. A second region for t > 
50 h shows a substantially ower MH increase. The fol- 
lowing contributions to the overall MH increase are 
suggested: 
Firstly, the removal of an increasing amount of 
disordered material (soft component) rising with 
exposure time. Before t< 50 h the recrystallized mate- 
rial continues to behave mechanically like a polymer. 
Secondly, the concurrent fixation of oxydized 
groups-COOH, -ONO2, -NO2 at the lamellae sur- 
face [9]. After recrystallization the dicarboxylic chain 
molecules with a given length distribution will tend ef- 
ficiently to pack through association of the carboxyl 
groups at the crystal surface [7]. In these systems a
segregation process leading to a complex multicom- 
ponent extended three-dimensional mixed lamellar 
structure has been proposed [16,17]. The packing of 
extended chain lamellae terminated predominantly b
carboxylic groups will contribute to an additional har- 
dening of the recrystallized material. A further support 
for the influence of the dicarboxylic groups at the crys- 
tal surface is provided by the decrease (5-40 %) of the 
rate of creep under the indenter measured after ecrys- 
tallization. A similar effect has been reported for PE 
hardened with C1HSO3 [3]. 
Thirdly, the digestion of thinner and less perfect 
crystals only leaving the larger dicarboxylic chain seg- 
ments to recrystallize [15]. 
The combination of these three contributions 
should give the hardening behaviour of Figure 2. The 
first contribution will predominate for t < 50 h. The 
2nd and third contributions will be present at shorter 
times but will prevail for t > 50 h i. e. the material be- 
haves more like a long chain paraffin terminated by 
dicarboxylic groups. Contributions 2 and 3 are, addi- 
tionally, in consonance xcith the increase 0f melting 
temperature of the treated samples [11]. 
Comparison of experimental and calculated data 
Finally, it is helpful to examine the above reported 
data in the light of recent hermodynamic predictions 
[13]. Accordingly crystal hardness H c of materials 
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Fig. 3. Crystal hardness Hc as a function of reciprocal crystal thick- 
ness I according to equation I for b = 20 nm (melt crystallized PE 
and paraffins) [13] and b 5 = nm (dicarboxylic adds). Open sym- 
bols: untreated samples. Full symbols: FNA treated samples for t > 
50 h. A (O, O), B (El, 88), C (A, i ) .  Dodecanedioic a id (+) 
consisting of lamellar structures with thickness, l, can 
be described through: 
Ho 
H~-  (1 + b1-1) (1) 
where Ho = 170 MNm- z is the hardness of an infinitely 
thick crystal and b = 20 nm under normal crystalliza- 
tion conditions. Figure 3 shows the Hc predictions, 
according to Equation (1), for melt crystallized poly- 
ethylene and paraffinic rystals (lower curve) (b = 20 
nm) and for dicarboxylic long-chain crystals assuming 
a value of (b = 5 nm) (upper curve). The hardness Hc 
for the dodecanedioic a id is not far offfrom this curve. 
The data for the untreated samples (open symbols) lie 
well on the predicted curve, except for sample A which 
shows a somewhat higher value. This deviation issimi- 
lar to that observed for other low molecular weight 
grades developing a high degree of crystallinity. The 
data for the degraded samples, after recrystallization, 
approach the curve with b = 5 nm for long treatment 
times (t - 150 h). Comparison of the data in terms of 
both predictions allows a way to separate between the 
influence of I (abcissa) and the effect of carboxyl 
groups (ordinate) on the hardening ofthe material after 
acid attack and subsequent recrystallization. The 
results of Figure 3 suggest that the major contribution 
in the hardening after long treatment times is due to the 
attachment ofelectron dense groups, acting as defects 
in the longitudinal boundary layers of these extended 
carboxylic hain crystals. The hardening owing to the 
removal of thinner crystals during the nitric acid expo- 
sure seems to play a minor role. Nevertheless, the 
intermediate H c values between the lower and the 
upper curve in Figure 3 most probably involve struc- 
tures of increasing perfection, better chain-end pack- 
ing and lower crystal polydispersity. The independent 
influence of crystal shape and symmetry [18] on the 
posible additional hardness enhancement of dicarbo- 
xylic chain crystals will be the object of a further study. 
Conclusions 
In conclusion, the degradation mechanism ofpoly- 
ethylene xposed to fuming nitric acid can be adequa- 
tely followed by the microhardness technique. The 
decrease in MH observed after nitric acid exposure is 
related to the volume increase of microvoids within 
the material. Recrystallization f the degraded poly- 
mer results in a substantially harder material yielding 
values in the vicinity of those obtained for polyethyl- 
ene treated with chlorosulphonic and/or sulfuric acid. 
The hardening of recrystaRized material is mainly 
related to the attachment of dicarboxylic groups be- 
tween the boundary layers of the extended chain crys- 
tals. 
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